We have investigated the electroluminescence (EL) characteristics of hydrogen-plasma-immersion ion-implanted silicon. For the first time, white light was obtained at room temperature from the samples annealing at a temperature of more than 600
Introduction
There is a commercial need for an optical emitter that is compatible with standard, silicon-based ultra-large-scale integration (ULSI) technology. Applications where siliconbased light emitters can be utilized include data transceivers for local area networks, optical interconnects for high-speed system integration, and low-cost, high-resolution displays. Obtaining strong and stable electroluminescence (EL) is the primary task and many efforts have been made to achieve this. To date, EL can be obtained from porous silicon [1] , silicon/silicon dioxide superlattices [2] , silicon nanoprecipitates in silicon dioxide [3] , Au/oxide/silicon structure [4, 5] , etc.
Since the discovery of visible light emission from porous silicon and its attribution to quantum size effects in Si wires, some attempts at production have been made in different ways. Some researches [6, 7] employed the implantation of hydrogen or helium to form buried porous silicon, which is more stable than porous silicon fabricated by anodizing [8, 9] . Furthermore, all the processes are completely compatible with silicon-based ULSI. Cryogenic luminescence at an energy higher than the Si bandgap energy has been observed after H implantation and annealing treatments of Si samples [6] . Visible photoluminescence (PL) has also been observed at cryogenic temperatures from crystalline Si bombarded with He and exposed to H either as plasma or gas [7] . The mechanisms are still unclear. The PL has been ascribed to the quantum confinement effect or damage caused by implantation, but no evidence has been offered. No EL has hitherto been reported from these materials even though EL is practically more useful. In this paper, we investigate the EL from hydrogen-implanted Si for the first time.
Experimental details
Boron-doped p-type Si (100) with a resistivity of 14-21 cm was implanted with 10 17 cm −2 hydrogen using a custom-designed plasma immersion ion implanter at a base pressure of 5.6 × 10 −6 Torr [10] . The sample voltage, pulse duration and repetition rate were −10 to −25 kV, 30 µs and 200 Hz, respectively. Compared to conventional beam-line ion implantation, plasma ion immersion implantation (PIII) offers many advantages, such as instrument simplicity, efficiency, high sample throughput and easy variation of implantation energy [11] . The implanted samples were subsequently annealed at different temperatures ranging from 200 to 800
• C for 30 min in a nitrogen ambient. For the EL measurement, an aluminium layer was evaporated on to the back of the wafers to form the ohmic contact and gold was deposited on to the surface of the samples to form the electrodes. The measurement of EL and current-voltage (I -V ) characteristics was carried out at room temperature. Secondary ion mass spectrometry (SIMS) and transmission electron microscopy (TEM) were used to disclose the chemical composition and microstructures.
Results and discussion
When a negative bias was applied to the top Au films, roomtemperature EL was observed with the naked eye from samples annealed at a temperature higher than 600
• C. The light was white and stable. No light emission was obtained from the samples just implanted or annealed at a lower temperature.
Typical I-V characteristics for samples annealed at 600
• C are shown in figure 1(a). It is clear that the devices show obvious rectification behaviour. The visible EL only occurs under forward bias conditions, where the Au films are negatively biased. That is to say, electrons must be injected into the Si wafer from the metal electrode.
Figure 1(b) shows the EL spectra obtained from the hydrogen-implanted sample annealed at 600
• C under different applied voltages. The EL emission is white and quite broad, from 400 to 800 nm, and the main peak is at 578 nm. Several EL spectra were acquired separately to check reproducibility; these were very good. Unlike from the PL results observed by Pavesi et al [6] and Bisero et al [7] , the EL is much stronger and can be observed at room temperature. In addition, the EL energy is also higher than that of the PL.
The intensity of the light emission was found to increase with the increase of current through the sample (see the inset of figure 1(a) ). Above a current density of 1 A cm −2 , the measured intensity increases roughly linearly with current. Below 1 A cm −2 , the data deviate from the line, which is similar to the results of Sercel et al [12] and Maruska et al [13] ; they explained this in terms of defect-associated recombination.
Many scholars agree that hydrogen can passivate the dangling bonds and plays an important role in the luminescence of porous silicon. Many hydrogen-related compounds, such as SiHn, α-Si:H, etc., can provide visible luminescence [14, 15] . It is certain that hydrogen is very important in this case. We have investigated the hydrogen distribution in the samples annealed at different temperatures and the results are shown in figure 2 . Owing to the absence of mass analysis in PIII, three hydrogen species, namely H + , H 2 + and H 3 + , are implanted simultaneously but their net implantation energies are different (for instance, each H in the H 3 + molecular ion has one-third of the energy). Therefore, there is a broader hydrogen distribution in the plasma-implanted silicon sample. Hydrogen is an active element, so it not only locates in the interval places of silicon lattices but also reacts with silicon and forms complexes. Hydrogen atoms are apt to diffuse in the silicon because of the high diffuse coefficient, while the hydrogen-related complexes are difficult to move. However, the bonds can be broken after high-temperature annealing, and hydrogen atoms are desorbed and diffuse out. From the SIMS results shown in figure 2 , it is evident that the content of hydrogen reduces with the increase of annealing temperature. In particular, when the temperature reaches 600
• C most of the hydrogen has diffused out. So there is little hydrogen in the samples that can emit light under an electric field. Here we cannot say that hydrogen has nothing to do with the light emission because the structural changes caused by hydrogen implantation still exist. However, it can be proved that the obtained EL should not emit from hydrogenrelated compounds. Figure 3 shows microstructures of H-plasma-implanted silicon annealed at 600
• C. It is found that the top layer of the sample with a thickness of about 50 nm becomes amorphous after implantation. The amorphous layer is similar to the structure of samples annealed at 400
• C. Since the degree of vacuum in the chamber is not high enough, it is impossible to avoid oxygen and nitrogen during implantation. From the measured energy dispersive spectra, some oxygen and nitrogen elements were detected in the surface layer; their contents, however, are too small to make the silicon amorphous. A large amount of hydrogen may be responsible for this. In any case, this is beyond what we should discuss here. However, the effect of oxygen on the luminescence should be considered since SiO x can emit visible light.
Nanocavities with a diameter of about 5-10 nm and a distance of about 5 nm can also be found in the amorphous layer. According to the calculation results of bandgap verse the size of the α-Si cluster, the energy should be in the infrared region [17] . Therefore, the quantum confinement effect caused by nanocavities in the surface layer can be excluded.
Under the amorphous layer, a defect region exists in samples annealed at both 600 and 400
• C. The defects include cavities, dislocation loops and stacking faults. The results of Ng et al [16] show that dislocation loops can introduce a strain field in three dimensions and modify the bandgap of silicon. From the microstructure results, it can be clearly seen that the defect density in the sample annealed at 600
• C is larger than the sample annealed at 400
• C. In addition, flat cavities emerged after annealing at 600
• C, while no cavities were found in the samples annealed at 400
• C. From figure 3 , it can be seen that most of the cavities are parallel to the surface of the sample. The height of the cavities is about several nanometres to tens of nanometres and the distance between the two cavities is about tens of nanometres to hundreds of nanometres. The results of Duo et al [18] show that when the annealing temperature reaches 450-500
• C, the bonds of the hydrogen-related complex will break and platelets are formed. If the molecular H 2 remains in the platelets, the free energy of the system is much lower than when they remain in interstitial sites. So they are apt to accumulate in these platelets, which will make the platelets bigger and become flat cavities, as shown in figure 3 . As discussed above, most of the hydrogen will diffuse out at a higher temperature. The cavities in the sample annealed at 600
• C, therefore, are empty and no H 2 gas exists in them. Figure 3(c) shows the oxygen distribution in the sample annealed at 600
• C. It can be clearly seen that oxygen is detected in the sample, even in the defect region. Oxygen is easy to combine with the dangling bonds at the surface of the cavities and silicon oxide is formed. So these cavities are empty voids with silicon oxide at the inner surface.
We also have fabricated samples with lower implantation energy and obtained EL with similar spectrum shape but lower intensity. According to the observation of the microstructures, the thickness of the defect region in the sample implanted at a lower energy is smaller than in the sample implanted at a higher energy and the amount of cavities is smaller correspondingly. So we speculate that the EL is related to the cavities with silicon oxide at the surface. The detailed mechanism should be further studied.
Conclusion
In summary, we have achieved EL at room temperature from H-implanted Si using PIII and annealing at 600
• C for the first time. The fabrication process of the samples is simple and compatible with silicon-based ULSI, therefore the materials have potential in optical interconnections. The efficiency should be further improved. Hydrogen-related complexes and nanocavities are not the cause of the emission. The flat cavities with silicon oxide at the surface may be the key to the EL.
